Plasmodium of a cellular slime mould Physarum polycephalum is a very large eukaryotic microbe visible to the unaided eye. During its foraging behavior the plasmodium spans sources of nutrients with a network of protoplasmic tubes. In this paper we attempt to address the following question: Is slime mould capable of computing transport networks? By assuming the sources of nutrients are cities and protoplasmic tubes connecting the sources are motorways, how well does the plasmodium approximate existing motorway networks? We take the Netherlands as a case study for bio-development of motorways, while it has the most dense motorway network in Europe, current demand is rapidly approaching the upper limits of existing capacity. We represent twenty major cities with oat flakes, place plasmodium in Amsterdam and record how the plasmodium spreads between oat flakes via the protoplasmic tubes. First we analyze slime-mould-built and man-built transport networks in a framework of proximity graphs to investigate if the slime mould is capable of computing existing networks. We then go on to investigate if the slime mould is able calculate or adapt the network through imitating restructuring of the transport network as a response to potential localized flooding of the Netherlands.
Introduction
The approximation or computation of shortest path transportation networks has drawn significant attention from the field of Unconventional Computing Sciences. biological-approximation, or evaluation, of man-made road networks was done in our previous work on approximation of United Kingdom motorways and Mexican Federal highways by plasmodium of Physarum polycephalum [7, 10] . In both cases it was shown that transportation links constructed by plasmodium sufficiently determines man-made motorways, with some pernicious differences. Comparing results for United Kingdom and Mexico we found that shape of a country and spatial configuration of urban areas or cities sufficiently determines behavior of the plasmodium. More experiments are necessary to provide generalization, in order to develop a theory of slime-mould based road planning and urban development.
In this paper we hope to move towards a more general understanding of slime moulds capability to compute road networks by investigating the roads in the Netherlands. The Netherlands presents an excellent case study for the two following reasons.
First, the Netherlands is amongst top countries with highest population density because only 12% of territory is allocated to build-up areas [11] . The country has the highest density motorway network in Europe. Moreover, the demand on the system is at levels which are reaching current limits, with a total length of 132,397 km and usage of 140 × 10 9 people per km per year. a Such high-occupancy may pose a need for urgent expansion of the transport networks and a better understanding of the limitations to that growth. As analyzed in [11] , the Dutch national spatial strategy put a stress on developing transport networks amongst the major cities.
Six national "Networks of Cities" might lead to increased congestion and increased travel times. Sprawling of urban areas along major transport arteries is a common feature, which also could be imitated by slime mould due to its active branching behavior. Second, The Netherlands is also at risk of significant flooding b because over 40% of the country's land lies below sea level. The largest flooding-disaster in 1953 costed almost two thousands human lives [14] , and only by chance larger cities as Amsterdam, Rotterdam, and The Hague were not flooded at that time [32] . Despite a wide range of technologically advanced systems the Netherlands are not immune from mass-scale floods. The chance flood defense systems are small "However, on a human time scale it means a chance of at least 1% of the population having to face flooding once in its lifetime a tiny percentage, yes, but not negligible. More importantly, if things do go wrong, in many places they are apt to go badly wrong. Millions of people live several meters below sea level. In the worst scenario, parts of these areas will be below several meters of water within a few hours, and many casualties will result. Economic, cultural, and societal damage will be unimaginable." [32] a www. A. Adamatzky, M. Lees and P. Sloot This is why it is important to imitate a worse-case scenario when substantial area of the Netherlands is flooded and mass-migration of those who manage to stay alive starts. We imitate this mass-migration of slime mould. The remainder of this paper is structured as follows. We delineate the experimental method and setup in Sec. 2. Section 3 presents the principal experimental results, which are then analyzed in a framework of proximity graphs in Sec. 4 . Restructuring of Physarum-approximated transport links for the case of partial flooding of the Netherlands is described in Sec. 5. The paper then concludes with a summary of the work and ideas for further studies in Sec. 6.
Methods
All experiments are conducted with plasmodium of P. polycephalum that is cultivated in a plastic container. The plasmodium are first placed on paper kitchen towels, sprinkled with still water and fed with oat flakes.
c The experiments are conducted in 120 × 120 mm polystyrene square Petri dishes with rounded corners. The plasmodium will eventually grow on Agar plates, which are cut into the shape of the Netherlands. The Agar plates are formed using 2% agar gel (Select agar, Sigma Aldrich). All experiments consider the twenty one most populous urban areas in the Netherlands [ Fig. 1(a) ]: (t) Eindhoven (u) Maastricht.
Bio-Development of Motorway Networks in The Netherlands
Further we refer to the urban regions as U. The regions in U are projected onto the gel in the following manner: oat flakes are placed in the positions of each region [ Fig. 1(b) ]. At the beginning of each experiment a piece of plasmodium, usually already attached to an oat flake, is placed in Amsterdam [region 7 in Fig. 1(a) ].
The Petri dishes with plasmodium are kept in darkness, at a temperature of between 22 and 25
• C, except for short periods of observation and image recording. Periodically the dishes are scanned using an Epson Perfection 4490 scanner. Scanned images of dishes are enhanced to increase readability of the image, this is done by increasing saturation and contrast (saturation is increased to 55 and contrast to 40). A total of 62 experiments were conducted. To ease understanding of experimental images we provide complementary binary version of each image, where appropriate.
Transport Links Via Foraging
In the following we present experimental results which show that the plasmodium is capable of computing, or calculating, the transport links between each of the twenty one most populous areas of the Netherlands. In a laboratory experiment, illustrated in Fig. 2 , the following chain of events unfolds (dynamics of colonization is schematically represented in Fig. 3 ). An oat flake colonized by plasmodium was placed on top of the oat flake representing Amsterdam. In 12 hours the plasmodium follows gradients of chemoattractants, We observe that the dynamics of colonization is non-uniform [ Fig. 3(a) ]. The plasmodium does not spread or diffuse in all directions simultaneously but rather colonizes north-north-west part of the country first and only then explores southsouth-west. This may be due to the fact that centers of activity (biochemical oscillators) form during propagation, and the contractive waves evoked by the oscillators that force the protoplasm to move towards the oscillators. Therefore, if an oscillator is formed in the north part of plasmodium, then propagation in all other directions would be suppressed.
Bio-Development of Motorway Networks in The Netherlands
The plasmodium of Physarum polycephalum rarely repeats itself in experimental trials. The overall or average pattern, as we will discuss further in the paper, may be the same but a myriad of variations are possible in the course of plasmodium's spatial development. Outperforming (spreading out of the dedicated area) and under-performing (not colonizing the whole area) are typical examples of the varieties in plasmodium behavior. These two examples are illustrated and discussed below.
In a substantial number of laboratory experiments, the plasmodium did not stop its foraging activity even when all sources of nutrients were occupied and the whole Fig. 3(b) . Also notice how the plasmodium dynamically changes its foraging strategy (Fig. 4) . It first attempts to colonize cities in north-east part of the country but then abandons the attempt and move to north-east later via the IJsselmeer lake.
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In some experiments the plasmodium never manages to span all cities, and fails to colonize some oat flakes. An example is shown in (Fig. 5) , 65 hours after inoculation the plasmodium colonizes the majority of the Netherlands and establishes a network of protoplasmic tubes over most of the cities represented by oat flakes [Figs. 5(c) and 5(f)]. Later it goes into a hibernation stage and forms a sclerotium. However, at no moment of its development does the plasmodium even approach Middelburg. Such situations are rather atypical and did not happen often in our experiments.
As illustrated above, plasmodium is quite an unpredictable creature and the patterns formed by its protoplasmic networks in any two experiments rarely match each other exactly. Thus we generalize results of our experiments by constructing , . . . , 15 62 . Thickness of an edge is proportional to the edge's weight. 
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(q) θ = a probabilistic Physarum graph. A Physarum graph is a tuple P = U, E, w , where U is a set of 21 cities, E is a set edges, and w : E → [0, 1] is a probabilityweights of edges from E. For every two cities a and b from U there is an edge connected a and b if a plasmodium's protoplasmic link is recorded at least in one of k experiments, and the edge (ab) has a probability calculated as a ratio of experiments where protoplasmic link (ab) occurred to the total number of experiments k. We do not take into account exact configuration of the protoplasmic tubes but merely their existence, e.g., protoplasmic tubes linking Eindhoven with Maastricht always positioned inside the Netherlands territory but corresponding edge in Physarum graph represents the tubes by straight line. We also consider threshold θ ∈ [0, 1] Physarum graphs P(θ), defined as follows: for a, b ∈ U, (ab) ∈ E if w(ab) > θ. The parameter θ is a ratio of occurrences of an edge in all laboratory experiments to the total number of experiments. [ Fig. 5(p) ], i.e., when edges occurred in over 15% of the experiments. We can therefore infer that the Physarum graph is planar. However, with acquiring . Thickness of an edge is proportional to the edge's weight. Fig. 6(h) ], i.e., when its edges appear as protoplasmic tubes in over 41% of the experiments. When the graph becomes acyclic it is split into a set of isolated nodes: Den Helder, Leeuwarden, Haarlem, Amsterdam, Utrecht, Amersfoort, Enschede, Middelburg, and two additional components. One component is a chain of three cities: Lelystad, Zwolle and Groningen. The second component is a tree routed in Tilburg. The tree has three linear branches:
This tree is a characteristic feature of the Physarum-graph and it appears in over 60% of experiments. The tree is "destroyed" when θ ≥ The experiments have now provided a reasonably consistent set of connections between the various urban centers in the Netherlands. The next question is to assess how well these Physarum graphs approximate the Netherlands motorway network. A graph H of Dutch motorways is Fig. 7(a) . We construct the motorway graph H as follows. Let U be a set of urban regions/cities, for any two regions a and b from U, the nodes a and b are connected by an edge (ab) if there is a motorway starting in vicinity of a and passing in vicinity of b and not passing in vicinity of any other urban area c ∈ U. If there is a branching motorways, which e.g., starts in a goes in the direction of b and c and at some point branches towards b and c, we then add two separate edges (ab) and (ac) to the graph H. (Fig. 7(b) ).
The intersection P(θ) ∩ H of Physarum and motorways graphs is shown in
16 is the highest value for which Physarum graph P(θ) remains connected (Fig. 5) . Graph P( 
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) T H Fig. 7 . Graph H of man-made motorway network is shown in (a). Intersection P(θ) T H, θ = 1, , of Physarum P and motorways H graphs is shown in (b)-(d).
• (Leeuwarden, Lelystad), Fig. 7(c) ]. 
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As soon as θ reaches value 
Comparing Motorway and Physarum Graphs with Proximity Graphs
We conjectured that plasmodium of Physarum polycephalum constructs planar proximity graphs by its protoplasmic network [4] . A protoplasmic network constructed in any particular experiment is planar, a generalized Physarum graph P may be non-planar. A planar graph consists of nodes which are points on a Euclidean plane with edges which are straight segments connecting the points, and edges cross each other. A planar proximity graph is a planar graph where two points are connected by an edge if they are close in some sense. Usually a pair of points are assigned a certain neighborhood, and the pair are connected by an edge if their neighborhood is empty. Relative neighborhood graph [16] , Gabriel graph [19] , β-skeletons [18] and spanning tree are most known examples of proximity graphs. For self-consistency we provide a brief definition of the following graphs:
• RNG: Points a and b are connected by an edge in RNG if no other point c is closer to a and b than dist(a, b) [28] .
• GG: Points a and b are connected by an edge in GG if a disc with diameter dist(a, b) centered in middle of the segment ab is empty [13, 19] .
• BS(β): A β-skeleton, β ≥ 1, is a planar proximity undirected graph of an Euclidean point set where nodes are connected by an edge if their lune-based neighborhood contains no other points of the given set; parameter β determines size and shape of the nodes' neighborhoods [18] .
• MST: The Euclidean minimal spanning tree (MST) [21] is a connected acyclic graph which has minimal possible sum of edges' lengths.
The graphs are related as MST ⊆ RNG ⊆ BS ⊆ GG [16, 19, 28] . We constructed a relative neighborhood graph [28] RNG [ Fig. 8(a) ], a Gabriel graph [13, 19] GG [ Fig. 8(c) ], a β-skeleton [ Fig. 8(b) ] and a minimum spanning tree MST [ Fig. 8(d) ] (we rooted MST in Amsterdam) over nodes corresponding to centers of urban areas. We then calculated intersections of these graphs with the Physarum graph P(0) and the motorway graph H, see Fig. 9 . 
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(a) P T RNG (b) P T BS(1.5) (c) P T GG (d) P T MST (e) H T RNG (f) H T BS(1.5) (g) H T GG (h) H T MST
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The following is a list of edges of the proximity graphs that are not present in Physarum or motorway graphs: The motorway graph closely matches the spanning tree, relative neighborhood graph and β-skeleton. Only two edges (Haarlem, Enschede), (Rotterdam, Hertogenbosch), presented in RNG, MST, BS(1.5) do not exist in H. The fact that the relative neighborhood graph is almost a sub-graph of the motorway graph indicates intrinsically logical organization of the transport networks in the Netherlands. This is because a relative neighborhood graph is commonly considered to be optimal in terms of total edge length and travel distance, and is known to be a good approximation of road networks [30, 31] .
Said that the transport networks in the Netherlands are redundant -from slime mould's point of view -because there is a substantial number of edges of H not presented in RNG.
The same can be said about the Physarum graph, because only edges (Den Helder, Haarlem) and (Zwolle, Apeldoorn) of RNG are not represented by protoplasmic tubes. Under-representations of β-skeleton and GG in between P(0) are much more substantial: three and five edges, respectively.
Flooding
In this section we describe the experiments which investigate the capability of the plasmodium to adapt its network during induced flooding of the Petri dish. In essence we investigate how the plasmodium would calculate and adapt the transport network, if the Netherlands were to suffer similar flooding of its cities and roads. Experiments on flooding were conducted in 12 × 12 cm Petri dishes. A Petri dish was raised by 1-2 cm in its south-east corner and partly filled with liquid (distilled water, either pure or colored with one drop of food coloring) [ Fig. 10(a) ]. The area flooded roughly corresponds to the territories of the Netherlands with 1/10,000-1/4000 chances of the protection from flooding failure [15, 32] . In most cases the flooded area included Middelburg on the south-west and Groningen on the north-east. In the central part of the country the flooding often reached Zwolle. The exact flooded area varied between experiments due to slight variations in the thickness of agar gel substrate and minor differences in inclinations of Petri dishes, the flooding scheme shown in (Fig. 10) is rather indicative.
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Initially plasmodium reacts to flooding with increased activity. During the first few hours of flooding the plasmodium typically increases its branching at the boundary of the flooded area [ Fig. 11(a) ]. Often there are indications of indiscriminate increase of foraging, panic foraging. For example, in Fig. 11(b) we can see active sprawling of plasmodium in the areas around Apeldoorn, Dordrecht and Enschede: no protoplasmic tubes are formed but rather uniform sheets of plasmodium propagate in these areas. Eventually the activity ceases and flooded transport links become abandoned [ Fig. 11(c) ].
In some cases no "panic" branching occurs, but non-flooded protoplasmic tubes become thicker due to increased transport of nutrients and relocation of masses of protoplasm from areas affected by flooding [ Fig. 12(a) ]. Often only protoplasmic tubes located along flood line are hypertrophied, for example there is an increased thickness of tubes along the route Hertogenbosch -Apeldoorn -Zwolle -Groningen in Fig. 12(b) .
With time, water is absorbed by the gel and is sucked under the gel plate due to capillary forces, which in turn causes the overall humidity to increase. This is associated with a reduced concentration of nutrients, and an increased concentration of metabolites ejected in the agar plate, force the plasmodium to abandon the agar 
(a) (b) Fig. 13 . Examples of evacuation.
plate and migrate beyond. Often the plasmodium attempts to complete evacuation by crawling onto the water surface (for example see Fig. 13 ).
Outward migration, calculated in nine experiments, are shown in Fig. 10(b) . We conclude that if a flooding of the Netherlands were to happen the major impact of migration (60%) will be felt by Western Germany, with just a minor impact on Northern France (20%) and a very slight impact on Belgium (10%). If the Netherlands were flooded the Western Germany would accept the largest impact of mass-migration.
Discussion
In laboratory experiments with plasmodium of Physarum polycephalum we discovered that the Physarum protoplasmic network forms a sub-network of man-made motorway networks, i.e., every transport link represented by Physarum can also be found as a segment of the motorway network. However, the converse does not hold. The motorway network is not a sub-graph of the Physarum network; three are edges of motorway graph not represented by edges Physarum graph. Transport links Amsterdam to Der Helden, Zwolle to Apeldoorn, and Rotterdam to Dordrecht are never presented in Physarum graphs. This slight redundancy of the man-made motorway network -comparing to Physarum -could be due to several reasons. For example, transport networks in many countries are based on economical and political factors, which do not necessarily possess a feature of optimality. Also, some motorway links were designed to reduce congestion and to reduce commuting for people living outside major urban areas. Congestion per se is not an issue for P. polycephalum whose protoplasmic tubes are elastic and adaptable to almost all acceptable degree of throughput. Moreover, the branching of tubes and formation of new tubes happen only when new sources of nutrients are detected (via chemoattractants) by the slime mould or existing source of nutrients are depleted and the mould switches to its exploration mode. Also, in many experiments Den Helder city remains disconnected from other cities. This is either a mishap of the Physarum approach, e.g., plasmodium prefers not to enter narrow peninsula of North Holland, or an indication of a somewhat inefficient location of Den Helder.
The most robust component of the Physarum graph, the component which is present in the majority of experiments is a tree with three linear branches. First branch is Tilburg -Breda -Dordrecht -Rotterdam -Den Haag, second is Tilburg -Hertogenbosch -Nijmegen -Apeldoorn, and third is Tilburg -EindhovenMaastricht. A possible explanation would be that relative positions and distances between the cities in this tree is optimal for plasmodium physiological functioning. Cities are not close enough to be contaminated by products of plasmodium activity but close enough not to put significant strain on the pumping of nutrients between distant parts of plasmodium's body.
If we prune the Physarum graph by removing edges which occur in less than a quarter of experiments and look at the intersection (i.e., the set of edges present in both graphs) of this graph with a graph of motorways we find that intersection consist of three disconnected components. The first component is a chain EnschedeDen Haag -Rotterdam. The second component is a cycle Nijmegen -Breda -Middelburg with branches Breda -Hertogenbosch -Tilburg, Middelburg -Eindhoven and Nijmegen -Dordrecht -Apeldoorn -Amersfoort. Finally, the third component is a cycle Leeuwarden -Groningen -Zwolle with branches Zwolle -Enschede and Zwolle -Lelystad -Amsterdam -Haarlem, Utrecht.
To evaluate topological quality of approximation of the motorways with slime mould we calculate several integral indices for the motorway graph H and the Physarum graph P( • Harary index [22] is defined as follows: 
), where C ij is a connectivity matrix.
• Diameters of graphs measured in nodes and normalized lengths, i.e., lengths of all edges are divided by length of a longest edge before calculation of index.
There is a very good match between indices of the motorway and the Physarum graph (Table 1) , especially for Randić index and graph diameter in normalized lengths. This may act as an indication that despite occasional mismatch between the graphs in position of particular edges, P. polycephalum provides almost perfect topological approximation of the Netherlands transport network. With respect to the proximity graph the key finding is that relative neighborhood graphs (which is commonly recognized as a best approximation of urban streets and transport networks) are almost (apart of two edges) subgraphs of the Physarum graph and motorway graph. Only two edges (Haarlem, Enschede), (Rotterdam, Hertogenbosch), presented in relative neighborhood graph, minimum spanning tree and β-skeleton do not exist in the motorway graph H. Physarum graph P(0) is not a sub-graph the minimum spanning tree. This means that despite being good approximation of the motorway network the slime mould -in the particular case of the Netherlands -does not include minimum transport network, represented by a spanning tree.
By physically imitating flooding of some parts of the Netherlands we predicted that if a real flooding were to occur, the following events will take place: substantial increase in traffic on the parts of motorway networks close to the boundary between flooded and non-flooded areas, propagation of the traffic congestion to all nonflooded parts of the country, complete paralysis and abandonment of transport network, migration of population from the Netherlands to Germany and France, and Belgium.
The plasmodium is incredibly similar, especially in wave-like behavior, to sub-excitable non-linear media [2] and is mainly guided by gradients of chemoattractants [5] . Based on these two facts we could assume the plasmodium must spread from Amsterdam omni-directionally and then start forming branches between cities, as e.g., illustrated in Fig. 14 . Such phenomena do not occur, rather the plasmodium behaves more like a "single-headed" creature, it chooses one direction of movement, explores it, then chooses another direction and explores it again, see Fig. 3 . Such behavior of the plasmodium may explain the differences between ideal planar proximity graphs and protoplasmic networks constructed by the plasmodium. In future work we plan to undertake more experiments on Physarum-based imitation of road formation in other European countries, and may be even make experiments at a large scale, where plasmodium grows over the whole Europe. We also plan to evaluate the city state of Singapore, this present a fairly unique road network that has been carefully planned and constructed within the last 50 years. One further objective would be to try and incorporate three-dimensional landscape elevation into our laboratory experiments.
